Ferrocyanide can be precipitated in the kidney and retained in microdissected tubules. By means of ^C -ferrocyanide it is possible to measure nephron glomerular filtration rate, but radioactivity is also detected in tubular segments beyond the reach of filtered ferrocyanide. The present study evaluated this radioactivity with the assumptions that it derives from peritubular capillary and vasa recta blood and that it may be proportional to the perfusion rate to single tubular segments. The findings rule out axial streaming of filtrate and rranstubular diffusion of filtered ferrocyanide as factors and therefore point to an extraluminal deposition of ferrocyanide diffusing out of peritubular capillary and vasa recta blood. It was also found that the extraluminal tubular radioactivity is not affected by processing of the tissue, that it decreases from cortex to outer medulla to inner medulla, and that distal convoluted tubules have a greater radioactivity per unit length than the thick ascending limbs at the same level. A comparison with data obtained by others using a method to estimate intrarenal blood flow distribution lends support to the assumption that extraluminal tubular radioactivity is proportional to the capillary perfusion rate to single tubular segments.
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• In 1958, Hanssen showed that filtered ferrocyanide, precipitated in vitro as Prussian blue, withstood partial maceration of the tissue for microdissection and was visible in the tubular lumen of isolated tubular segments (1) . Later, using 14 C-ferrocyanide, he found that the amount filtered by individual nephrons could be quantitatively precipitated within the tubular lumen and thus employed as a measure of their relative rates of glomerular filtration (2) . In attempting to determine absolute nephron glomerular filtration rates by this technique, Baines Received November 9, 1970. Accepted for publication April 22, 1971. no intratubular Prussian blue crystals could be visualized, were significantly radioactive. However, they made no attempt to explain the mechanism responsible for that radioactivity.
The more immediate explanation would be that ferrocyanide diffused across the peritubular capillary membranes into the tubular interstitial spaces, suggesting that it was at least partially retained during processing of the tissue for microdissection. It may be further surmised from this explanation that the amount of ferrocyanide accmnulated in the interstitium of single tubular segments could well be proportional to the delivery rate and therefore to the capillary blood flow to those tubular segments. If, furthermore, the amount present in the interstitial spaces at the time of interruption of the circulation did not undergo significant changes during the subsequent steps required for the measurement of 22 COELHO, CHI EN, STELLA, BRADLEY the radioactivity, a technique would be available permitting a detailed analysis of the relative distribution of capillary blood flow to specific nephron segments of cortex and medulla.
The present study evaluated this possibility by attempting to establish whether the distal (distal to the end of the Prussian blue column representing filtered ferrocyanide) radioactivity derives from peritubular capillary blood, and to what extent it undergoes changes which constitute artifacts of technique. Finally, to gain some insight into the relationship of distal radioactivity to peritubular capillary blood flow, the intrarenal distribution of distal radioactivity was compared to data obtained by others on the distribution of renal capillary blood flow.
Methods
The study was carried out on 12 male albino Sherman rats weighing between 168 and 408 g. The animals were fasted 18 hours before the experiment but allowed free access to water at all times. Anesthesia was induced by an intraperitoneal injection of pentobarbital sodium (50 m g/kg) and maintained by intravenous amounts as required. The left jugular vein and carotid and femoral arteries were catheterized with PE-50 (Clay-Adams) catheters, and the trachea was intubated with a short segment of PE-240. The carotid catheter was connected to a mercury manometer. The abdomen was opened through a midline incision and a loose ligature placed around one or both renal pedicles by penetrating through the surrounding fat without manipulating the kidneys. The right ureter was catheterized with a PE-10 catheter and the bladder was cut open and tied around a PE-50 catheter in such a manner as to minimize the dead space. The urethra was occluded and the abdomen closed. After routine 3 H-inulin clearances the abdominal sutures were carefully removed, the abdomen reopened without exposing the kidneys, and a 10? solution of sodium ferrocyanide containing 1 me/ml of 14 C-ferrocyanide, was infused intravenously in an amount of 0.2 ml/100 g of body weight, at a rate such that the total quantity was given in 10-12 seconds. A bolus of 1058 lissamine green was often placed at the front of the infusion. Blood was collected continuously by pump from the femoral artery during the ferrocyanide infusion. However, neither the lissamine green injection nor the blood collection is germane to the present study. The kidney pedicles were tied 12 or 15 seconds after the beginning of the infusion except in two hemorrhagic hypotension experiments in which they were tied after 18 and 33 second. Immediately thereafter the kidneys were removed with their ties in place and dropped into an acetone-Dry Ice mixture. The time between tying and freezing averaged 25 seconds when two kidneys were frozen simultaneously. In three experiments, the left kidney was frozen before removing the other kidney, as soon as 7 seconds after tying or in situ, without delay. The right kidney was then removed and frozen. The frozen tissue was cut into small pieces and transferred to a chilled ferric chloride solution (1) and kept for 18-22 hours at -20°C. Thereafter, the tissue was transferred to a 2035 HC1 solution for 6 hours of maceration at 41°C, and finally to distilled water for inicrodissection and storage.
In two experiments, blood from the carotid artery was allowed to rise into a pipette, the height of which was adjusted until the desired hypotensive level was achieved. In two other experiments, an aortic clamp previously placed between the renal arteries was constricted while the arterial pressure reduction was monitored with a second manometer connected to the femoral arterial catheter. In three rats, unilateral increased ureteral pressure was achieved by raising the ureteral catheter to a height ranging from 40 to 60 cm above the animal. A 10& mannitol solution was infused intravenously at a rate of 0.05-0.1 ml/min in all ureteral obstruction studies and one aortic constriction study.
MICRODISSECTION
Small blocks of tissue that included cortex, outer medulla, and part of the inner medulla were transferred to Petri dishes and cut into five sections with dissecting needles under microscopic observation at 10-20X. The inner medulla was separated from the outer medulla at the level where the thin ascending limbs of the long loops of Henle become thick; the outer medulla was divided into outer and inner sections at the transition from proximal tubules to thin descending limbs; the cortex was separated from the outer medulla at the level of the arcuate vessels and further divided into two roughly equal partsouter and inner cortex.
The different nephron segments available in each section, with the exception of the thin limbs, were dissected out and grouped separately to form three to five samples for each segment. The tubular fragments (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) in each sample were gently laid on a small piece of cover glass, which was transferred to a slide immersed in a second Petri dish and covered with a cover slip mounted on petrolatum. The slide was then removed from Values are means ± SE. DL/TPL = position of tho Prussian blue front in percent of proximal tubular length; mean of 20-40 tubulea from superficial and juxtamedullary populations; PT = mean radioactivity (eount/min mm" 1 ) in 10-12 complete proximal tubules from superficial and juxtamedullary populations; DCT = distal convoluted tubules; TAL = thick ascending limbs; CD = collecting ducts; i.e. = inner cortex; o.m. = outer medulla (inner zone); i.m. •= inner medulla; L = left kidney; R = right kidney. the water and placed under the microscope, where the tubular segments were traced with camera lucida and the absence of intratubular Prussian blue was certified. Thereafter, the cover slip was removed and the piece of glass holding the sample was transferred to a counting vial containing 0.05 ml of concentrated nitric acid, where it stayed overnight. The vial was then filled with 1 ml distilled water and 10 ml of a 2:1 toluene-triton X-100 mixture containing 4 g of Omnifluor per liter, shaken vigorously, and counted at 5°C in a Packard Tri-Carb scintillation spectrometer until at least 5000 counts were obtained.
Complete proximal tubules were also dissected from all kidneys and transferred in similar fashion to the microscope where the total length and the length of the visible Prussian blue column were traced.
All tracings were subsequently measured with a curvimeter and the actual lengths obtained by the use of appropriate factors.
Results
In normotensive control animals, the length of the filtered Prussian blue column extended from the glomerulus to an endpoint ranging Circttlatio* Research, Vol. XXIX, July 1971 between 48 and 90? of the proximal tubular length measured from the glomerulus to the thin limb. Prussian blue was also visible in Bowman's capsule, glomerular and peritubular capillaries, and vasa rectae. Radioactivity was detected in glomeruli and all tubular segments of cortex and medulla, denuded of surrounding capillaries ( Table 1 ). The data on proximal tubular radioactivity represents the radioactivity measured in 10-12 complete proximal tubules-without glomeruli-divided by the proximal tubular length. The distal convoluted tubules were more radioactive than the thick ascending limbs and collecting ducts.
The distribution of radioactivity was also studied in kidneys with greatly reduced or suppressed glomerular filtration ("nonfiltering" kidneys) for the purpose of evaluating the contribution of filtered ferrocyanide to distal radioactivity. The length of the Prussian blue column in these kidneys, subjected to hemorrhagic hypotension, aortic constriction, 24 COELHO, CHIEN, STELLA, BRADLEY or ureteral obstruction, ranged from 0 to of the proximal tubular length. In spite of this marked reduction, Prussian blue was still visible in capillaries and vasa rectae, and radioactivity was prominent in glomeruli and all tubular segments ( Table 2 ). In kidneys with ureteral obstruction, the radioactivity distal to the Prussian blue column was remarkably equivalent to that of corresponding segments in the contralateral kidney. Distal convoluted tubules were again more radioactive than thick ascending limbs. The radioactivity in proximal tubules fell considerably, approaching that in distal convoluted tubules.
It is necessary at this point to evaluate to what extent processing of the kidneys affects the radioactivity. Since there is a time lag between tying and freezing, it is possible that some ferrocyanide might diffuse from blood to tissue during this period. To test this possibility, two rats were studied in which both kidneys, exposed to the same physiological conditions, were tied simultaneously, but one was frozen earlier than the other. Distal radioactivity was measured in corresponding tubular segments of cortex and medulla from both kidneys. The radioactivity in each segment of the nephron on the left kidney was divided into that of the corresponding segment on the right kidney. The average and standard error of these ratios is shown in Table 3 . A paired t-test (4) showed that there was no significant difference between the two kidneys in either of these two experiments. An additional animal is included in Table 3 to show the effect of a renal blood flow difference as opposed to a difference in freezing time. The aorta was constricted between the renal arteries, and both kidneys were frozen simultaneously. A similar paired statistical analysis in this animal yielded a significant difference between the two kidneys (P< 0.005).
Another point that requires exploration is the possible washout of radioactivity by water during microdissection and storage. For this purpose, tissues which had been studied a few days after the experiment were redissected after several months of storage in water at •Frozen in situ. fSee text. 5° C. Three such studies are shown in Table 4 . The evidence indicates that storage in water for up to 11 months does not wash out the distal radioactivity to any significant extent. It was also established that dissected distal tubular segments, with their entire surface exposed to the water, do not lose radioactivity after at least four days of soaking. Duplicate samples counted immediately after dissecting served as controls for this test.
Discussion
The finding of radioactivity in tubular segments distal to the end of the Prussian blue column confirms the observation of Baines and de Rouffignac (3) . Under the present experimental conditions, intratubular Prussian blue, representing filtered ferrocyanide, remained within the boundaries of the proximal tubule. Radioactivity, however, was found throughout the kidney, as far as the collecting ducts in the inner medulla. Since the ferrocyanide molecule readily crosses the capillary barrier (5), the best explanation for such a widespread distribution is a diffusion at the peritubular capillary and vasa recta level, with subsequent deposition in the tubular interstitiuxn. Hanssen referred to a "finely and almost invisible precipitate present in the interstitial compartment" of the kidney (2) . Other possibilities, however, must be evaluated. In the first place, the distal radioactivity could be the result of axial streaming of proximally located filtered ferrocyanide at a concentration too low for Prussian blue to be visible. This would produce a continuously decreasing radioactivity with increasing distance from the glomerulus. As shown in Table 1 , however, the radioactivity is greater in distal convoluted tubules than in the preceding thick ascending limbs. Moreover, it seems unlikely that axial streaming of material located in the proximal tubules could result in extension as far as the collecting ducts in the inner medulla. In any case, this would certainly not take place in nonfiltering kidneys, including those with ureteral obstruction (Table 2 ). It can be concluded, therefore, that the radioactivity present in distal tubular segments is extraluminal.
Extraluminal radioactivity could be intracellular and derive not from ferrocyanide, which is an inulinlike substance (6), but from a related compound with cell-penetrating capabilities. The reported distribution of filtered and extraluminal radioactivity, however, was found with 14 C-ferrocyanide having a clearance of 0.9 per unit of inulin clearance.
Another source of extraluminal radioactivity could be an abnormal diffusion of filtered ferrocyanide across the proximal tubular wall after cell death, i.e., during the time between the occlusion of the pedicle and the precipitation of Prussian blue. It is not likely that diffusion of ferrocyanide could take place after precipitation. The finding of a greater radioactivity in distal convoluted tubules, which are in close contact with the proximal convolutions, than in the more remote thick ascending limbs at the same cortical level (Table 1 ) is in line with this possibility. However, distal convoluted tubules are also more radioactive than thick ascending limbs in nonfiltering kidneys (Table 2) . Moreover, as the proximal tubular radioactivity dropped sharply in these kidneys, so did the gradient between the radioactivity in proximal and distal convoluted tubules ( Table 2) . It is possible, though, that transtubular diffusion of ferrocyanide could be contributing at least partially to the greater radioactivity in contiguous distal convolutions with respect to the thick ascending limbs. This possibility can be tested by determining the effect of sharp reductions in glomerular filtration rate (and consequently in the amount of filtered ferrocyanide present in the proximal tubules) on the ratio of radioactivity in distal convoluted tubules to that in thick-ascending limbs. To reduce the animal-to-animal variability, this test can be carried out on the two kidneys in the same animal. In four of the six animals in Table 2 , a difference in the rate of glomerular filtration between the two kidneys was created by means of an aortic clamp between the renal arteries (1) or a unilaterally increased ureteral pressure (3) . A paired comparison of the ratio mentioned above at the inner cortical level in these animals is shown in Table 5 . It is evident that the ratios change very little despite marked differences in the Prussian blue content in the proximal tubules. In one of the four studies the ratio was greater in the nonfiltering kidney. The data therefore do not support the possibility of a transtubular diffusion of filtered ferrocyanide.
It may be concluded that the extraluminal radioactivity was transferred to the tubular tissue from the peritubular capillaries and vasa recta. Presumably, the amount of ferrocyanide deposited in the tubular interstitium bears some relationship to the rate of ferrocyanide delivery, i.e., to the capillary blood flow to the tubular segment in question during the period when concentration is higher in blood than in tissue. By means of this technique, therefore, it may be possible to study the intrarenal distribution of capillary blood flow For explanation of abbreviations, see Tables 1 and 2. in much greater detail than that allowed by existing methods, provided the extraluminal radioactivity does not undergo artifactual changes before it can be measured. For instance, an additional amount of ferrocyanide could diffuse from blood to tissue after tying of the pedicle, particularly while the kidney remained at body temperature. The extent to which this transfer could affect the amount present in the interstitium is a function of the concentration gradient between blood and tissue at the time of tying and of the relative sizes of the capillary and interstitial compartments. Table 3 shows that kidney pairs frozen at different times have insignificant differences in extraluminal radioactivity. This is true even if one kidney is frozen in situ by pouring acetone-Dry Ice at the exact time both kidneys are tied. On the other hand, when perfusion rate differences between the two kidneys are created by aortic constriction between the renal arteries, a significant difference in the amount of extraluminal radioactivity is detected. It may be concluded, therefore, that under the present experimental conditions, no significant transfer to ferrocyanide to the tubular tissue takes place after the circulation is arrested.
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Hanssen found that some radioactivity appeared in the processing fluids, i.e., was lost during the processing of the tissue, particularly in tissues other than the kidney, which led him to conclude that the loss in the kidney was mostly of extraluminal origin (2) . The extraluminal radioactivity, however, is contained in at least two compartments-the capillary bed and the tubular interstitium. The present study shows that the radioactivity transferred to the tubular interstitium is not lost during processing. The extraluminal radioactivity does not decrease significantly during storage of the tissue in water for almost a year (Table 4 ), nor does it decrease in dissected tubules-fully exposed to the soaking effect of water-left in water four days. Presumably, the radioactivity found by Hanssen in the processing fluids derived mostly from the capillary compartment. This would explain the greater loss he observed in spleen tissue than in liver tissue (2) .
The presence of extraluminal radioactivity in dissected specimens throughout the kidney poses a problem regarding the measurement of nephron glomerular filtration rate by this technique. When single proximal tubules are taken, the sum of the filtered and interstitial radioactivities is actually being measured, when only the filtered moiety is desired. An estimation of the extraluminal contribution must be made and subtracted from the total. In a recent modification of the technique for the quantitative measurement of absolute glomerular filtration rate in single nephrons, de Rouffignac et al. (7) infused 14 C-ferrocyanide continuously while determining the tubular segment to be counted by means of a bolus of cold ferrocyanide. In the light of the present data, this technique may overestimate nephron glomerular filtration rate, since it does not permit the evaluation of the not insignificant extraluminal radioactivity. The latter must be measured in tubular segments free of intratubular ferrocyanide, and these segments are nonexistent once C-ferrocyanide appears in the urine while being constantly infused. It can be concluded from the present study that the ertraluminal tubular radioactivity represents the amount transferred from capillary to interstitium while blood was circulating through the kidney. Whether the amount transferred in these experiments was actually proportional to the blood flow can only be submitted at this point to an indirect evaluation, i.e., a comparison with a method measuring the intrarenal distribution of blood flow in the rat kidney. The only such data available in the literature appear to be those obtained by Girndt and Ochwadt by Rb injection and subsequent measurement of radioactivity in tissue blocks taken from cortex and medulla (8) . Since their data are expressed per unit of tissue weight, to establish the comparison it is necessary to take tubular segments with an identical tissue mass per unit length at every level studied. A good approximation to this ideal can be obtained for all levels, with the exclusion of the inner medulla, by the use of the thick ascending limbs, which arise at the boundary between inner and outer medulla and extend upward all the way to the level of the outermost glomeruli with minimal changes in cell mass per unit length. In addition, the data must be expressed in percent. Table 6 shows the results obtained on five control rats (Table 1) when the data are expressed in percent of the radioactivity in outer cortical thick ascending limbs. Collecting ducts were used for the inner medulla, with the reservation that the mass is greater in this segment than in the thick ascending limbs. When the data of Girndt and Ochwadt are expressed in similar fashion, a remarkable similarity of distribution is observed. The extent of the similarity, however, depends on how the actual zones in the respective studies match each other. Girndt and Ochwadt studied the cortex in one block, and referred to the subjacent layer as the "corticomedullary junction." With these reservations in mind, the distribution of radioactivity by these two techniques is sufficiently similar to lend support to the preliminary assumption that the amount of extraluminal radioactivity measured under the conditions of the present experiments is proportional to the capillary blood flow.
COELHO, CHIEN, STELLA, BRADLEY

